Basidiomycetes that cause brown rot of wood are essential biomass recyclers in coniferous forest ecosystems and a major cause of failure in wooden structures. Recent work indicates that distinct lineages of brown rot fungi have arisen independently from ligninolytic white rot ancestors via loss of lignocellulolytic enzymes. Brown rot thus proceeds without significant lignin removal, apparently beginning instead with oxidative attack on wood polymers by Fenton reagent produced when fungal hydroquinones or catechols reduce Fe 3؉ in colonized wood. Since there is little evidence that white rot fungi produce these metabolites, one question is the extent to which independent lineages of brown rot fungi may have evolved different Fe 3؉ reductants. Recently, the catechol variegatic acid was proposed to drive Fenton chemistry in Serpula lacrymans, a brown rot member of the Boletales (D. C. Eastwood et al., Science 333:762-765, 2011). We found no variegatic acid in wood undergoing decay by S. lacrymans. We found also that variegatic acid failed to reduce in vitro the Fe 3؉ oxalate chelates that predominate in brown-rotting wood and that it did not drive Fenton chemistry in vitro under physiological conditions. Instead, the decaying wood contained physiologically significant levels of 2,5-dimethoxyhydroquinone, a reductant with a demonstrated biodegradative role when wood is attacked by certain brown rot fungi in two other divergent lineages, the Gloeophyllales and Polyporales. Our results suggest that the pathway for 2,5-dimethoxyhydroquinone biosynthesis may have been present in ancestral white rot basidiomycetes but do not rule out the possibility that it appeared multiple times via convergent evolution.
M
ost wood decay basidiomycetes are white rot fungi that use oxidative enzymes to degrade lignin (1) , which otherwise protects the underlying cellulose and hemicelluloses these organisms require for growth (2) . However, another mode of wood decay, termed brown rot, is a central route for biomass recycling in coniferous forest ecosystems and has arisen multiple times in the basidiomycete lineage via loss of ligninolytic enzymes and other enzymes (1, 3) . Brown rot fungi in divergent lineages are thought to disrupt lignocellulose with nonenzymatic oxidants during incipient wood decay, removing little lignin in the process, and then apparently employ polysaccharidases later to consume most of the cellulose and hemicelluloses (4) (5) (6) .
The characteristics of brown rot oxidants have been the subject of much research, because it remains unclear how so minimal a system can increase wood porosity enough to permit enzymatic access to the polysaccharides. However, it is generally agreed that biodegradative hydroxyl radicals produced via extracellular Fenton chemistry (H 2 O 2 ϩ Fe 2ϩ ϩ H ϩ ¡ H 2 O ϩ Fe 3ϩ ϩ · OH) are important oxidants in incipient brown rot (5) (6) (7) (8) . The requisite Fe 2ϩ and H 2 O 2 are produced in part by secreted fungal hydroquinones or catechols, and by more-reactive semiquinone radicals derived from them, which together drive one-electron reductions of Fe 3ϩ and O 2 in the wood (9) (10) (11) (12) . In some cases, this chemistry is apparently also promoted by fungal laccases that oxidize hydroquinones or catechols to generate semiquinones (13) .
Recently, a genome sequence was reported for Serpula lacrymans, a brown rot fungus in the Boletales that causes a so-called dry rot and is one of the most destructive decayers of wooden structures in the Northern Hemisphere. Eastwood et al. (3) propose that S. lacrymans uses the catechol variegatic acid (VA) (Fig. 1) to drive Fenton chemistry. Their hypothesis is based on the observations that VA occurred in S. lacrymans mycelium grown on nutrient agar and that it reduced Fe 3ϩ triacetate in vitro.
The expected product from VA oxidation is a quinone methide (VAQM) that exhibits an intense blue color ( Fig. 1 ). VA occurs in many members of the Boletales, and its oxidation to VAQM is responsible for the bluing reaction that results when their fruiting bodies are bruised (14) (15) (16) . However, a different hypothesis for the source of extracellular Fenton chemistry in S. lacrymans was presented earlier. Shimokawa et al. (17) found 2,5-dimethoxy-1,4-benzoquinone (DMBQ) (Fig. 1) in the extracellular medium of cultures grown on defined liquid medium and also observed that harvested fungal mycelium reduced DMBQ to 2,5-dimethoxyhydroquinone (DMHQ) (Fig. 1) . They propose that DMHQ is the extracellular reductant of Fe 3ϩ in S. lacrymans, basing their hypothesis on previous evidence that DMHQ drives Fenton chemistry by reducing Fe 3ϩ and O 2 in members of another brown rot lineage, the Gloeophyllales, when they are grown in liquid media (9) (10) (11) (12) . Morerecent work conducted with biodegrading wood supports a physiological role for DMHQ in brown rot of natural substrates within the Gloeophyllales (18) , and also the Polyporales (13) .
Both of the above hypotheses assume that S. lacrymans maintains a steady-state pool of VA or DMHQ, which continuously reacts with Fe 3ϩ and O 2 in the colonized wood, either nonenzymatically or with the assistance of a laccase. However, neither mechanism has been demonstrated for this fungus in a natural lignocellulosic substrate.
If one of the proposed metabolites has a physiological role, the following three results should be obtainable using wood undergoing decay by S. lacrymans. First, the reactive, reduced form of the metabolite (VA or DMHQ) should be detected with rapid sampling and analysis. Second, when the aqueous phase containing the metabolite, Fe 3ϩ chelates, and fungal enzymes is separated from the wood and attached mycelium, after a short time the metabolite should appear in its oxidized quinonoid form instead (VAQM or DMBQ). Third, when the hydroquinone or catechol is combined in vitro with Fe 3ϩ chelates that mimic physiological conditions or with a laccase, it should become oxidized to the quinone with production of reactive oxygen species as a consequence. Here we have used these criteria to obtain evidence for or against the two hypotheses.
MATERIALS AND METHODS
Reagents and organism. Variegatic acid was synthesized from 3,4-dimethoxyphenylacetic acid in eight steps using a Suzuki cross-coupling method and purified by chromatography on silica gel as described previously (19) . The 1 H nuclear magnetic resonance (NMR), 13 C NMR, and mass spectra of the final product were identical to those reported previously (19) . 2,5-Dimethoxyhydroquinone was prepared by reducing 2,5-dimethoxy-1,4-benzoquinone with sodium dithionite and recrystallized from chloroform as described earlier (10) . All other chemicals were reagent grade.
Serpula lacrymans dikaryotic strain Hamburg S7 (ATCC MYA-656) was maintained on malt agar. For wood decay experiments, the fungus was first grown on malt agar in 15-cm-diameter petri plates. Once a confluent lawn of mycelium was obtained, sterile thin nylon mesh was placed atop the lawn, and autoclaved wafers of aspen wood (cut transversely; approximately 2 by 10 by 20 mm; weight [dry weight], 97 Ϯ 10 mg) were placed in a single layer on the mesh. The cultures were incubated at 22°C, and the plates were harvested at intervals for analysis of the colonized wood.
Metabolite and iron analyses. To identify and quantify fungal hydroquinones, catechols, and quinones in the aqueous phase of colonized wood, 6 to 12 aspen wafers were stacked, placed in a folded polypropylene sheet, and crushed in a large vise. Liquid pressed from the wood was then taken up in a syringe and injected as rapidly as possible, without filtration, onto a high-performance liquid chromatography (HPLC) column for analysis. The HPLC system consisted of a Phenomenex Luna C18(2) reversed-phase column (150 by 4.6 mm; 5-m particle size; Torrance, CA), eluted at ambient temperature with water-acetonitrile-formic acid (900: 100:1) for 10 min, followed by a 20-min linear gradient to acetonitrileformic acid (1,000:1). Chromatographic peaks were monitored spectrophotometrically using a photodiode array detector. Metabolites were quantified against external standards.
To trap, identify, and quantify fungal hydroquinones or catechols as stable acetylated derivatives, individual colonized aspen wafers were rapidly immersed in excess acetic anhydride-pyridine (1:1) and stored for 1 week. For each wafer, the remaining acetic anhydride was then quenched with excess methanol, the liquid fraction was collected, the wood was extracted with additional methanol, and the liquid fractions were combined. The by-products (acetic acid, methanol, methyl acetate, and pyridine) were removed by vacuum evaporation followed by azeotropic distillation in the presence of toluene under reduced pressure. The resulting acetylated extracts, containing at least 0.5 mg of material, were redissolved in 1.0 ml of deuterochloroform (CDCl 3 ).
These solutions were analyzed by 1 H NMR spectroscopy using a 500-MHz Bruker Biospin Avance 500 instrument (Billerica, MA) equipped with a cryogenically cooled 5-mm gradient probe with inverse geometry. Spectra were processed using Bruker Topspin 3.1 software. The CDCl 3 was then evaporated from the samples, which were redissolved in acetonitrile. Portions were then diluted 10-fold in water, filtered, and analyzed by HPLC as described above for nonacetylated samples. External standards were used for metabolite quantification.
Metabolite levels for the 8-and 14-day acetylation experiments are reported per gram (dry weight) of wood, the average weights (dry weights) having been determined on six other colonized wafers harvested at the same times. Nominal concentrations of the metabolites are also reported, using average water contents obtained by weighing three other harvested wafers at 8 and 14 days, drying them to constant weight at 60°C in a vacuum oven, and reweighing them to take the differences. For the concentrations given, the variance of each quotient was calculated as the square root of the sum of the two squared variances for metabolite levels and water contents.
To analyze soluble oxalate in colonized wood, individual day 8 and day 14 wafers were weighed and stirred overnight in 1.0 ml of distilled, deionized water, after which the extracts were analyzed by ion exclusion HPLC as described previously (20) . The extracted wafers were then dried and reweighed to determine their original water contents by difference, after which the oxalate concentrations were corrected for dilution.
To analyze total soluble iron in colonized wood, two sets of four wafers were harvested on day 8 and weighed, after which each set was extracted overnight with 3.0 ml of distilled, deionized water. Dissolved iron concentrations in the extracts were then determined by reduction with ascorbate followed by spectrophotometric measurement of Fe 2ϩ as the complex with ferrozine at 562 nm (ε ϭ 27.9 mM Ϫ1 cm Ϫ1 ) as described earlier (21), using an Agilent 8453 diode array UV/visible spectrophotometer (Santa Clara, CA). The wafers were then dried and reweighed to obtain their original water contents, after which the iron concentrations were corrected for dilution.
Assays of metabolite oxidation and reactive oxygen production. Laccase-catalyzed oxidation mixtures contained 100 M VA or DMHQ and 100 units of chromatographically purified Trametes villosa laccase (Novozymes, Davis, CA) in 1.0 ml of 20 mM sodium tartrate, pH 4.1, at 22°C in an unstoppered cuvette with a 10-mm path length. One unit of laccase oxidizes 1 mol of 2,2=-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid (ABTS) per min under these conditions. Repeated spectra were obtained using the diode array spectrophotometer, and once the results showed that the oxidation of VA to VAQM or of DMHQ to DMBQ was complete, the reaction mixtures were assayed for chromatographically purified Phanerochaete chrysosporium lignin peroxidase isozyme H2 and 400 M final concentration of vacuum distilled veratryl alcohol (22) . The UV absorbances of the reactions were then monitored at 310 nm for the formation of veratraldehyde (ε ϭ 9.3 mM Ϫ1 cm Ϫ1 ). One unit of lignin peroxidase oxidizes 1 mol of veratryl alcohol per min under these conditions, and one molecule of veratraldehyde is produced per H 2 O 2 consumed (22) .
Reactions to monitor the oxidation of DMHQ by Fe 3ϩ contained 50 to 200 M concentrations of the hydroquinone and 50 to 200 M FeCl 3 in 720 l of 9 mM sodium oxalate, pH 4.1, at 22°C in an unstoppered 2-mmpath-length cuvette. DMHQ was added as a stock solution in dioxane (final concentration of 2.5% [vol/vol]), which served not only as a vehicle for reductant addition but also as a radical trap to minimize destruction of DMHQ and DMBQ by Fenton reagent formed during the reactions. Repeated spectra were obtained using the UV/visible spectrophotometer and were deconvoluted into pure component spectra, which were then fit to the kinetic model described previously to obtain rate constants for the reaction of DMHQ with Fe 3ϩ under these reaction conditions (18) . Attempted reactions to monitor the oxidation of VA by Fe 3ϩ were performed under the same conditions, except that a 10-mm-path-length cuvette was used.
Assays for Fenton chemistry contained 9 mM sodium oxalate (pH 4.1), 10 mM sodium [␣-
14 C]benzoate (0.023 mCi Ϫ1 mmol Ϫ1 ; pH 4.1; Sigma/Aldrich, St. Louis, MO), 0.3 mM FeCl 3 , and 3 mM DMHQ or VA as the reductant in a final volume of 2.0 ml, using a reaction vial large enough that O 2 in the headspace would not be limiting. DMHQ or VA was added last as a weighed solid, after which the reaction vial was promptly stoppered and stirred in the dark at 22°C. At three 1-h intervals, the headspace of each vial was flushed through an alkaline cocktail, and trapped 14 CO 2 was assayed by scintillation counting (23) . As a control, a reaction without reductant was included. A control without FeCl 3 was not included, as previous work has already shown that iron is required for DMHQ-driven Fenton oxidations of organic target molecules (10) .
RESULTS AND DISCUSSION
Biodegradative competence. We grew Serpula lacrymans on autoclaved wafers of aspen wood placed on spacers over malt agar and harvested specimens at intervals to determine weight (dry weight) losses. The losses and standard deviations (n ϭ 6) were as follows: 0.5% Ϯ 0.5% on day 8, 4.0% Ϯ 2.7% on day 14, 7.4% Ϯ 4.0% on day 21, and 26.2% Ϯ 9.2% on day 2. The high extent of weight loss between 14 and 28 days establishes that our cultures degraded the wood. The low rate of weight loss during the first few weeks is typical of brown rot fungi, including S. lacrymans (24, 25) , and indicates an incipient phase during which wood polysaccharides are oxidatively cleaved before substantial material is removed from the wood.
Dissolved fungal metabolites in the wood. To look for metabolites with a potential biodegradative role during incipient decay, we began by crushing stacks of colonized day 8 aspen wafers in a vise, after which samples of the liquid pressed out were analyzed by HPLC. We performed these analyses as rapidly as possible because, in past work with other brown rot fungi, we found that DMHQ oxidized rapidly in such squeezates of colonized wood (13, 18) . However, we found that aspen colonized by S. lacrymans was too dry to yield much liquid, which usually resulted in delays of nearly a minute before enough sample could be collected for injection onto the HPLC column.
The HPLC results showed that VA was not detected in these squeezate samples (Fig. 2) . The presence or absence of oxidized VA (VAQM) could not be ascertained, because injection of an authentic standard prepared from VA using laccase (16) showed that this blue quinone methide did not elute from the HPLC column. It is likely that VAQM was in fact absent, because the extracts exhibited no detectable blue color. However, these results do not rule out the possibility that it had been present in the colonized wood at some time prior to our analysis, because quinone methides are chemically so reactive that VAQM might not persist long enough to be detected.
DMHQ was also absent in most analyses of liquid from crushed day 8 wood, but DMBQ, the product expected from DMHQ oxidation, was invariably present, as shown not only by the presence of a correctly eluting HPLC peak but also by the visible absorption spectrum of the peak (data not shown). In just one of these experiments, we were able to inject a sample rapidly after crushing 12 pooled aspen wafers and found HPLC peaks eluting at the correct position for both the hydroquinone and the quinone (Fig. 2) . These results suggested that DMHQ was in fact present in the wood but was rapidly oxidized to DMBQ once extracted. The apparent average concentrations of the two metabolites in the squeezates from day 8 colonized wood were 92 M for DMHQ and 100 M for DMBQ, but the identity of the presumed hydroquinone peak remained uncertain.
Trapping of reduced fungal metabolites in the wood. It was evident from the foregoing results that the relative importance of VA and DMHQ as redox-active agents in the colonized wood could be assessed only if the samples were rapidly derivatized in situ to produce less reactive products. We harvested three colonized wood wafers at intervals, acetylated them separately with excess acetic anhydride/pyridine, and worked up the resulting liquid extracts. We then looked for the acetylated derivatives of VA and DMHQ by 1 H NMR spectroscopy and HPLC. 1 H NMR spectra in CDCl 3 of unfractionated extracts after acetylation showed that none of the colonized wafers contained detectable levels of acetylated variegatic acid (3,3=,4,4=-tetraacetoxypulvinic lactone [VA-Ac]) (Fig. 1) , as shown by the absence of signals at 7.91 and 7.97 ppm (Fig. 3A) , which were present in the NMR spectrum of our authentic VA-Ac standard and have also been previously reported (14) . By contrast, a prominent signal corresponding to the two identical ring hydrogens in acetylated (Fig. 1 ) was present at 6.70 ppm in all samples at 8 and 14 days. As expected, given the HPLC results obtained with nonacetylated extracts (Fig. 2) , a signal at 5.86 ppm corresponding to the two identical ring hydrogens in DMBQ was also present in all day 8 and day 14 samples. Analysis of the acetylated extracts by HPLC (Fig. 3B) confirmed that VA-Ac was not detected in any sample but that all derivatized aspen wafers contained DMHQ-Ac and DMBQ at 8 and 14 days. HPLC/mass spectrometric analysis with negative ionization likewise confirmed the result (data and methods not shown; M ϩ ϩ 1 ϭ 255 for DMHQ-Ac; M ϩ ϩ 1 ϭ 169 for DMBQ). The levels of the acetylated hydroquinone greatly exceeded the levels of the quinone (Table 1) , as also indicated by the 1 H NMR spectra (Fig. 3A) .
Average nominal concentrations of the two metabolites (Table 1) , based on our determinations of the average water content in the wood, were much higher than those we found in the water obtained from wood squeezates. We infer that most of the DMHQ and DMBQ was adsorbed on the wood during fungal decay and desorbed only when the wafers were extracted with pyridine/acetic anhydride-since both metabolites are sufficiently hydrophobic to be retained on a reversed-phase HPLC column in 10% acetonitrile (Fig. 2) , they probably also adhere to lignin in water.
Routes for oxidation of VA and DMHQ. Given our result that DMHQ but not VA could be trapped in wood undergoing brown rot by S. lacrymans, we could envisage only one situation in which VA could nevertheless be present and have a biodegradative role: it would have to oxidize much faster than DMHQ in the colonized wood, and then the resulting VAQM would have to undergo rapid subsequent reactions so that its characteristic blue color would disappear. There are two possibilities for the initial oxidative step in this sequence: it might be catalyzed by an oxidative enzyme, or it might proceed via direct reaction of VA with Fe 3ϩ as proposed by Eastwood et al. (3) . We consider these two routes separately below.
Feasibility of an enzyme-catalyzed route. If the colonized wood were to contain a fungal laccase or peroxidase, VA would be expected to undergo an initial one-electron oxidation to produce VA semiquinone radicals. These semiquinones might then promote Fenton chemistry by reducing O 2 to produce superoxide as described earlier for some other hydroquinones (13, 26) . The S. lacrymans genome likely encodes laccases and peroxidases (3), and a laccase is generally thought responsible for the oxidation of VA to VAQM that occurs when fruiting bodies of VA-producing boletes are bruised (15, 16) . However, we consider rapid VA removal by this route unlikely for two reasons.
First, we were unable to detect any laccase or peroxidase activity in day 8 aqueous extracts of S. lacrymans-colonized wood using ABTS as the substrate. This finding contrasts with the result we obtained earlier with a brown rot fungus in the Polyporales, Postia placenta, which produced easily detected ABTS-oxidizing laccase activity in wood, and apparently uses this enzyme to generate DMHQ semiquinone radicals that promote Fenton chemistry (13) .
Second, we found that the laccase-catalyzed oxidation of VA (27) . By contrast, we found that the laccase-catalyzed oxidation of DMHQ under the same conditions generated 0.3 equivalent of H 2 O 2 per DMHQ supplied, which indicates the production of 0.6 equivalent of superoxide, in good agreement with earlier work (13) . These results indicate that, even if S. lacrymans were to produce a laccase to oxidize VA in biodegrading wood, the resulting VA semiquinone radical would fail to promote Fenton chemistry via superoxide production. Feasibility of a direct reaction with Fe 3؉ . If VA were rapidly consumed in the wood via direct one-electron oxidations by Fe 3ϩ , a complete Fenton system could ensue. A key requirement for this chemistry is that VA would need to have a sufficiently negative reduction potential to react with the Fe 3ϩ chelates that predominate under physiological conditions. The principal Fe 3ϩ chelator in wood undergoing brown rot is oxalate, which we found to have a concentration around 9 mM (pH 4.1) in our day 8 S. lacrymans cultures ( Table 1) . At this concentration and pH, almost all of the Fe 3ϩ in colonized wood will be present as the Fe 3ϩ trioxalate and dioxalate complexes, which have standard reduction potentials of Ϫ120 mV and ϩ181 mV, respectively (28, 29) . These values are far more negative than the ca. ϩ400 mV reduction potential reported for Fe 3ϩ triacetate at pH 4.5 (30) , which is the relatively reducible chelate used by Eastwood et al. for their in vitro reaction of VA with Fe 3ϩ (3) . Since the one-electron reduction potentials for VA, DMHQ, and their semiquinones are apparently unknown, we proceeded empirically by comparing the abilities of VA and DMHQ to react with Fe 3ϩ in 9 mM sodium oxalate, pH 4.1. VA was not detectably oxidized to VAQM under these conditions even after 24 h (Fig. 4A) , from which we draw two conclusions. First, VA was not present at a significant concentration in our wood cultures, because its very low rate of reaction with Fe 3ϩ in physiological oxalate and also the lack of laccase or peroxidase activity in the wood indicate that it would have been successfully trapped with acetic anhydride/pyridine if it had been present. Second, the direct reaction of VA with Fe 3ϩ in physiological oxalate is too slow to drive Fenton chemistry in wood colonized by S. lacrymans.
By contrast, DMHQ was oxidized to DMBQ by Fe 3ϩ in physiological oxalate (Fig. 4B) . By obtaining spectrophotometric time courses of the DMHQ-dependent reaction at various initial concentrations of the two reactants and then deconvoluting the resulting spectra as described earlier (18), we determined that DMHQ and Fe 3ϩ in 9 mM oxalate (pH 4.1, 22°C) react with apparent first-order kinetics and a rate constant of 2.5 M Ϫ1 s Ϫ1 (95% confidence interval, 1.9 to 4.1 M Ϫ1 s Ϫ1 ). Although this rate constant is only about 6% of the one we reported earlier for the same reaction at the relatively low oxalate concentration (ca. 1 mM) typical of wood undergoing early decay by the brown rot fungus Gloeophyllum trabeum (18), we found that our S. lacrymans-colonized wood samples contained about 40 times the soluble Fe 3ϩ concentration at day 8 that we reported earlier for G. trabeumcolonized wood at a similar stage of decay (Table 1 ) and that our wood samples also contained a higher concentration of soluble DMHQ (ca. 90 M versus 20 M).
Consequently, the steady-state rate of DMHQ-dependent Fe 3ϩ reduction in S. lacrymans-colonized wood likely has the same order of magnitude that it does in G. trabeum-colonized wood, where a role for DMHQ-driven Fenton chemistry is already well established (18) . The rates for both fungi may actually be higher, since it is now apparent that most of the DMHQ remains adsorbed to the wood and is thus underestimated in squeezate experiments. However, it is prudent not to base rate calculations on high nominal DMHQ concentrations observed in acetylated samples, because it is unclear how much of the adsorbed hydroquinone may be available to react with Fe 3ϩ . Measurements of Fenton chemistry. As a further test of whether DMHQ or VA has a likely biodegradative role in S. lacrymans, we compared their abilities to drive Fenton chemistry in vitro via Fe 3ϩ reduction in physiological oxalate. Since · OH is a highly nonselective oxidant, much of it is lost in side reactions during such assays, but relative measurements comparing potential Fenton reductants can nevertheless be obtained by performing reactions with an excess of a radical trap that yields a diagnostic product after oxidation. We used ␣-14 C-labeled benzoic acid as the trap, because decarboxylation is one route for benzoic acid oxidation by · OH (31) , and the resulting 14 CO 2 is easily trapped in an alkaline scintillation cocktail and quantified (23) .
In a reaction mixture containing DMHQ as the reductant, (Fig. 4 ) and point to a role for DMHQ rather than VA in oxidative attack on lignocellulose during incipient wood decay by S. lacrymans. The efficacy of DMHQ and its semiquinone in reducing Fe 3ϩ and O 2 is likely attributable to the presence of electron-donating methoxyl groups on the aromatic ring (27) . VA lacks such substituents.
Conclusion. Evidence has now accumulated to support the involvement of DMHQ in wood biodegradation by brown rot fungi that belong to three divergent lineages: the Gloeophyllales (18), the Polyporales (13), and now the Boletales. Although the pathway for DMHQ biosynthesis has not been elucidated, it must entail multiple enzymatic steps. The existence of complex biosynthetic sequences yielding a single biodegradative metabolite in distantly related brown rot fungi is noteworthy, considering that the extensive scientific literature on fungal natural products makes no mention of DMHQ in white rot fungi. However, there is an old report of DMBQ, the oxidized form of the metabolite, in cultures of Polyporus fumosus (32) , which is now known as the white rot fungus Bjerkandera fumosa. If the isolate used was correctly identified, this observation could indicate that the pathway for DMHQ/ DMBQ production does occur in some white rot fungi, which would be consistent with its presence in the white rot ancestors from which brown rot fungi independently evolved. Alternatively, DMHQ biosynthesis may have appeared independently in remarkable instances of convergent evolution, each time that a brown rot lineage appeared via the loss of lignocellulolytic white rot genes.
